Abstract. -We present a simple model of electrical transport through a metal-aromatic molecule-metal system that includes charging effects as well as aspects of the electronic structure of the molecule. The interplay of a large charging energy and an asymmetry of the metalmolecule coupling can lead to various effects in non-linear electrical transport. In particular, strong negative differential conductance is observed under certain conditions.
Introduction. Electrical devices based on nanoscale aromatic molecules are the next fundamental step in further minituarization of electronic circuits. Several experiments have shown the possibility of contacting such molecules as well as measuring transport. Two terminal transport through a molecule has been achieved e.g. by deposition of the molecule between two fixed electrodes [1] [2] [3] [4] [5] [6] [7] [8] or a conducting-tip STM above a molecule attached to a conducting substrate [9] [10] [11] [12] . A sketch of the first scenario is shown in Figure 1 . The electrodes could be parts of a break junction, or they could be made by electron beam lithography and following electrolytic deposition of gold to achieve electrode distances of a few nanometres. The truly difficult part lies in coaxing the molecule to lie nicely in between the electrodes as displayed in the sketch.
At such small sizes the capacitance C of the molecule is tiny. Consequently, the energy to charge (or uncharge) the molecule E C = e 2 /2C can be very large, of the order of electron volts. This leads to the phenomenon of Coulomb blockade and makes room temperature single-electron devices based on such molecules a distinct possibility. In contrast to singleelectron transistors based on metallic islands [13] , molecular devices have a more complicated electronic structure. The gap in the I-V curve is not only determined by the charging energy but predominantly by the structure of the molecular bands [7] . Therefore, it is important to consider the interplay of charging effects with the specific structure of the molecular orbitals. Furthermore, in contrast to semiconductor quantum dots [14] , molecular orbitals have a very specific spatial structure and relaxation from an excited state is very fast (femtoseconds) compared to typical tunnelling times (picoseconds or more).
In this paper, we will address the issue whether there are interesting physical effects specific to molecular structures besides the obvious fact that devices operating at room temperature facilitate technological applications. In contrast to ab-initio theories neglecting charging effects [15, 16] , we consider a simplified model of two molecular orbitals, but include capacitive interactions within the Coulomb blockade model and consider absorption and emission of photons. We find that the interplay of charging effects, the non-trivial electronic structure and an asymmetric coupling of the molecular orbitals to the metals leads to interesting phenomena in non-linear transport. In particular, the I-V curve can show strong negative differential conductance (NDR). This may provide a possible mechanism to explain recent experiments by Chen et al. [6] showing similar NDR behaviour.
Au
The Model. Instead of attempting ab initio studies of the molecule and contacts [17, 18] in the following we develop a model of the aromatic molecule and its electric transport that we believe is applicable to some of the aromatic molecules of interest under the assumption that the coupling of the molecular orbitals (MOs) to the electrode is not too large, so that transport occurs through sequential tunnelling.
The electrodes are considered as non-interacting electron reservoirs with constant density of states (DOS) ρ e .
with α = L, R being the reservoir index and σ denotes the spin. The reservoirs are assumed to be occupied according to an equilibrium Fermi distribution function f α (ω) = f (ω − µ α ), where µ α denotes the electrochemical potential of lead α. The molecule is modelled by two molecular orbitals which are assumed to be the only ones relevant for transport in the considered bias regime. Basically, they are the highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO). For aromatic molecules these two MOs are typically extended over the whole molecule. The other occupied MOs are assumed inert (always occupied). Other unoccupied MOs of higher energy could be considered, but will not lead to important effects if the charging energy E C is large and the temperature T is sufficiently low. Thus, we write the "non-interacting" part of the molecule Hamiltonian as
with n 1 , n 2 being the occupations of the MOs (MO 1 and MO 2 ). The level spacing ∆ǫ = ǫ 2 −ǫ 1 serves as the unit of energy, ∆ǫ = 1.
The electrostatic energy to charge the molecule with N electrons is given by
with N = n 1 + n 2 , E C = e 2 /(2C) the charging energy, and x α = C α /C is proportional to the voltage drop at barrier α (C = C R + C L is the total capacitance). We could add a gate voltage but since gating such a molecule is difficult (perhaps achievable by a STM) we do not want to use this as a parameter.
We also include a Hubbard-like term that punishes double occupation of a single MO l,
This term is weak since the orbitals are extended. Additionally, we separate spin singlets from the spin triplets by an exchange term (Hund's rule coupling) of strength ∆ ex .
We summarise the molecule part of the Hamiltonian by
where |s are the eigenstates of H mol . In the N = 1 subspace, we have two doublet states D l , l = 1, 2, where MO l is filled with one electron. For N = 2, there are three singlet states S, S 1 , S 2 , and one (threefold degenerate) triplet state T . MO 1 or MO 2 is occupied with two electrons (S 1 and S 2 ), or both MOs are filled with one electron (S and T ).
We include photon-mediated transitions of the molecule between states of equal occupation number. This will lead to fast decay of excited states if the transition is not spin forbidden. The photon-part of the Hamiltonian reads
where c † lσ creates an electron in MO l with spin σ. We choose the couplings g q ll ′ independent of l, l ′ with spectral density 2π q |g q | 2 δ(ω − ω q ) = α ph |ω| , where α ph is a dimensionless coupling constant. Since the temperature is mostly small compared to the electronic energies, absorption of photons is rare, but spontaneous emission is always possible.
Finally, the MOs couple to the leads via tunnelling contacts with (possibly) very different coupling strength. This is because the tunnelling contact depends strongly on the spatial dependence of the MOs. In particular, a given MO can couple very differently to left and right leads.
Here, Γ denotes the scale of the broadening of the MOs due to the coupling to the leads, and the dimensionless quantities t α l depend (strongly) on α, l. Theoretical Approach. We use a Master equation approach for the occupation probabilities P s of the molecule states. The transition rate Σ ss ′ from state s ′ to s is computed up to linear order in Γ and α ph using golden rule. For the tunnelling rates we have Σ ss ′ = α,p=± Σ αp ss ′ with Σ αp ss ′ being the tunnelling rate with electrode α for creation (p=+) or destruction (p=-) of an electron on the molecule. We get We determine the P s by solution of the stationarity condition:
The current in the left and right electrode can then be calculated via
The photonic transition rates do not contribute to the current (no change of occupancy).
Results. In order to dramatise the physical possibilities of our model we choose the energies E s such that i) the molecule is singly occupied if no bias V is applied (doublet state D 1 ), ii) the triplet states (T) are lower in energy than the singlet states (S). The temperature is always smaller than the energy differences between states. The situation i) can be quite common, as many aromatic molecules are electronegative. The metal electrodes can provide the electrons without much cost, quite different to the situation the molecules encounter in gas form or in solution. The condition ii) is probably harder to achieve, as spin exchange terms are not so strong on reasons similar to the weakness of Hubbard type terms. In particular, the relation
has to hold for the scenario considered below. Under this condition we get the following relative ordering of the molecular excitation energies occurring in tunnelling processes In the following we choose ǫ 1 + 3E C = 0 [19] and α x α µ α = 0 [20] . In this case we get explicitly
, and E S2 − E D2 = ∆ ex + ∆ǫ + U . Under the condition that the doublet states are occupied, these excitations will occur successively as steps in the I-V-characteristics by increasing the bias voltage. Fig. 2 shows the I-V-characteristics for equal tunnelling couplings t α l = 1 with and without coupling to photons. Without photons there are four characteristic steps which are related to the onset of the triplet and the three singlet states. From the plateau widths all characteristic energy scales ∆ǫ, U and ∆ ex can be deduced (we chose ∆ǫ = 1, U = 0.6,∆ ex = 0.8). The charging energy E C would occur as distance to the excitations for the N = 2 → N = 3 transitions (not shown). The transitions D 2 → T, S are suppressed because MO 2 is not occupied for sufficiently small bias (i.e. P D2 ≪ 1). The I-V-characteristics is only slightly changed if we consider the coupling to the photons with a relatively small photon temperature. In this case spontaneous emission from MO 2 to MO 1 leads to a further decrease of P D2 even at high bias, and the transition D 2 → S 2 becomes suppressed. In contrast, for a high photon temperature, absorption of photons is possible and the occupancy of MO 2 increases. Then all transitions involving the state D 2 become visible. Fig. 3 shows the main result of this paper. The solid line shows again the steps in the I-V characteristics for the case when all hopping matrix elements are equal. In contrast, if we set t
, we get a current peak and negative differential conductance (NDR) for positive bias. The explanation of this behaviour is as follows. The current starts at a bias when the triplet state becomes occupied. The actual position of the onset depends on the level spacing ∆ǫ (and on ǫ 1 + 3E C which we have set to zero). The current can flow via sequential hops through MO 2 . The electron on MO 1 is essentially stuck since its tunnelling time to the right reservoir is suppressed by a factor (t determined by E S1 −E T , the electrons tunnelling onto the molecule from the left can also form the state S 1 , as depicted in Fig. 4 . Now both electrons are in MO 1 . No further electron can enter the molecule at this bias due to the charging energy. The singlet states can not easily decay into the triplet states since the transition is spin forbidden. The only possibilities to get out of the state S 1 are either tunnelling to the right, with a much suppressed tunnelling rate, or tunnelling back to the left reservoir, which is suppressed due to the blocking Fermi sea. Consequently, the molecule is stuck for a long time in state S 1 , the average probability P S1 is near unity, and the current is suppressed by a factor (t R l=1 )
2 . The width of the current peak is determined by E S1 − E T = U + ∆ ex − ∆ǫ (independent of the value of ǫ 1 + 3E c ). This means that the NDR effect occurs always under the condition E T < E S1 (occupy triplets before singlets) and E S1 < E S (occupy lower orbital singlet before others). These two conditions are equivalent to Eq. 1. Fig. 3 shows that already a relative suppression of t R l=1 by 0.3 is sufficient to achieve a pronounced NDR effect. Since the relevant energy scales are of electronic origin, room temperature has small influence on this. At much larger bias (not shown), states with an additional electron become occupied, and the current rises again.
Also shown in the inset of Fig. 3 is the I-V characteristics when the voltage drops entirely over the left (right) barrier, i.e. x R = 1 (x L = 1), and fixing the voltage at the right (left) barrier. In this case the molecule can be used as a diode. This is simply because in the considered model at negative right (left) voltage transport through MO 1 is blocked and no further MOs of the molecule can be accessed. This effect is clearly limited by the existence of lower occupied MOs, generally coupling to both leads.
Finally, Fig. 5 shows the dependence of the NDR effect on the electron and photon temperature. Increasing the electron temperature leads to an overall broadening of the current peak, together with a slight shift of the peak position to the larger bias. In contrast, increasing the photon temperature changes the valley current but not the peak height. Here, absorption of photons leads to the transition D 1 → D 2 which opens up new channels for the current via MO 2 . In addition, on the r.h.s of the current peak the transition S 1 → S → D 1 leads to an absorption-induced enhancement of the current. For bias voltage beyond the D 1 → S transition the current decreases again since the emission-induced transition S → S 1 brings the system back to the blocking state S 1 .
The proposed scenario for NDR is a possible explanation for a recent experiment [6] showing a current peak-to-valley ratio (PVR) of more than 1000 at T ∼ 100K. But in that experiment one is probing transport through a whole array of molecules and the nature of one contact side is unknown. The temperature dependence is strong (P V R ∼ 1.5 at room temperature) and shows a peak shift to smaller bias with increasing temperature, different from the situation here. More controlled experiments on the particular molecule are necessary to determine whether the NDR is truly an intrinsic property of the molecule, as suggested by the authors of Ref. [6] , and in accordance to the scenario considered above.
Conclusions. We have developed a model of non-linear charge transport through a metalaromatic molecule-metal system. We have shown that the interplay of charging effects and the non-trivial electronic structure of the molecule can lead to current peaks and strong negative differential conductance. We discussed the dependence of these effects on coupling parameters and irradiation of photons. Although we do not necessarily expect the described scenario to apply to the experiment of Ref. [6] , we believe that the model is sufficiently generic to be realized in certain classes of aromatic molecules.
